[1] The elastic lithosphere thickness T e for various locations on Venus is estimated by modeling lithospheric flexure associated with rifts, coronae, chasmata, and the moats visible around certain large volcanoes. By modeling flexure using the residual topography, a range of elastic thicknesses was found, from around 10 to 40 km or greater. A number of these values are not well-determined and only constrain T e to be >10 km. The shear stresses predicted from the topography, given these values for T e , reach several hundred MPa, with surface faulting visible in the synthetic aperture radar (SAR) images at many locations. The elastic thickness was also estimated at seven volcanolike structures by modeling the gravity predicted from the observed topography. This yielded elastic thickness estimates varying between approximately 20 and 60 km, which were generally more tightly constrained. However, an elastic thickness of 25 km fits almost all the observed profiles within uncertainty, and the results from modeling the gravity yield an average global elastic thickness of 29 ± 6 km. There is no evidence that the elastic thickness falls anywhere outside this range. The lack of large-scale regional variations in T e on Venus, in contrast to the situation observed on the Earth, is consistent with a lack of water and plate tectonics on Venus.
Introduction
[2] The elastic thickness T e is the effective thickness of that part of the lithosphere which can support elastic stresses over geological timescales. T e is therefore an important geophysical parameter, related to the thermal structure of the interior of the planet. On Earth the elastic thickness exhibits marked regional variations. In the oceans, T e increases with age, varying between $5 km or less for spreading ridges and $30 km for old ocean floor [e.g., Watts et al., 1980] . The base of the elastic layer approximately corresponds to the depth of the 450°C isotherm [Watts, 1994] . In continents, there are clear regional variations in T e , up to values of $40 km [McKenzie and Fairhead, 1997; Tiwari and Mishra, 1999; Maggi et al., 2000] . The interiors of fold mountain belts tend to exhibit T e between about 5 and 10 km, while foreland basins bounding large mountain ranges have elastic thicknesses in the range 15 -35 km [see, e.g., Maggi et al., 2000] . The main control on T e in the continents is likely to be the thermal structure, although the water contents of the lower crust and upper mantle are likely to be involved [Maggi et al., 2000] . It is therefore of interest to investigate whether similar regional variations in T e are present on Venus, to study the rheological behavior of the Venusian lithosphere.
[3] Flexure of the lithosphere on Venus is observed in two main types of tectonic setting. Uplift occurs on the flanks of large rifts (e.g., in the vicinity of Beta and Atla Regiones, which are generally believed to be the surface expression of active mantle plumes), while downward flexure due to loading of the lithosphere occurs at coronae and chasmata. Modeling of flexure in the space domain is the basis of a class of methods which has been used for determining the elastic thickness of the lithosphere of Venus.
[4] The flexure of the lithosphere may be modeled by assuming a value for the effective elastic thickness. By minimizing the misfit between the theoretical topographic or gravity profiles with those which are observed, as a function of the elastic thickness, T e at each location may be estimated. Sandwell and Schubert [1992] and Johnson and Sandwell [1994] modeled the (raw) topography associated with coronae, finding elastic thicknesses in the ranges 15 -40 km and 12 -34 km, respectively. Kiefer and Potter [2000] estimated the elastic thickness by predicting the gravity associated with the observed topography at various shield volcanoes and minimizing the misfit to the observed spherical harmonic gravity. They found values in the range 8 -22 km. In addition, Brown and Grimm [1996a] modeled elastic flexure for southern Artemis Chasma, yielding a best fit elastic thickness of 56 km, with an uncertainty of at least 10 km, while Solomon and Head [1990] modeled flexure at the Freyja Montes foredeep, north of Ishtar Terra, obtaining an elastic thickness between 11 and 18 km. Brown and Grimm [1996b] also estimated the elastic thickness of Venus using a flexural model of elastic rebound in large impact craters. They constrained this parameter to be at least 10 -15 km in the case of the three largest craters studied. McGovern and Solomon [1998] found that the largest 25% of volcanoes on Venus require a T e of at least 32 km for their growth and support. Rogers and Zuber [1998] studied the distribution of concentric graben around the volcanic construct, Nyx Mons, in Bell Regio. They found that an elastic plate thickness of 50 km at the time of load emplacement predicted a stress field in best agreement with the observed distribution of fractures.
[5] The other important class of methods used to calculate elastic thickness is spectral (frequency domain) analysis of gravity and topography. Barnett et al. [2000] and McKenzie and Nimmo [1997] constrained the elastic thickness for various regions of Venus by calculating the admittance between topography and gravity, using grids of observed line-of-sight (LOS) acceleration JOURNAL OF GEOPHYSICAL RESEARCH, VOL. 107, NO. E2, 10.1029 /2000JE001398, 2002 Copyright 2002 by the American Geophysical Union. 0148-0227/02/2000JE001398$09.00 of the Magellan spacecraft and LOS accelerations calculated from the topography [see McKenzie, 1994] . These studies yielded values in the approximate ranges 20 -30 km and 10 -30 km, respectively. Smrekar [1994] and Phillips [1994] have calculated the admittance directly from spherical harmonic models of the gravity and topography, giving elastic thickness estimates for Atla of 30 ± 5 km and 25 km [Phillips et al., 1997] , respectively. Smrekar and Stofan [1999] estimated the elastic thickness at three corona-dominated rises on Venus, using grids of the spherical harmonic gravity and topography and top-and bottom-loading flexural models, the latter of which can take the component of plume support for these regions into account. They found values of 10 -20 km for Eastern Eistla, 12 -25 km for Central Eistla, and 22 -35 km for Themis Regio, depending on whether the top-or bottom-loading models were used. In addition, Smrekar et al. [1997] similarly obtained an elastic thickness estimate of 15 -40 km for Bell Regio. Simons et al. [1997] developed a method for localizing the spherical harmonic gravity and topography fields using axisymmetric windows to calculate the admittance. The spectra obtained implied elastic thicknesses in the range 10 -30 km.
[6] For various reasons it is difficult to use previous estimates of T e for Venus to discover whether there are significant regional variations in this parameter; different authors used different methods to estimate T e and assumed different crustal thicknesses and values for the elastic moduli. We therefore decided to reexamine the observations using the same approach throughout, in both the frequency domain [Barnett et al., 2000] and the space domain, so that all estimates could be directly compared. To this end, we used the most up-to-date data sets, so that the estimates obtained are the best which are available using our methods. The MGNP180U gravity model itself is a substantial improvement on earlier models and was used to recalculate the position of Magellan to determine the l = m = 360 topography data set [Rappaport et al., 1999] .
Flexure Measured From Residual Topography

Introduction and Method
[7] The surface topography of Venus was mapped by the Magellan spaceprobe by picking the first return from a radar signal transmitted downward to the surface at each altimetry point. Recently, the locations of the altimetry points and the associated values for the planetary radius have been recalculated, taking corrections to the position of the spacecraft, derived from the high-resolution gravity model MGNP180U, into account [Rappaport et al., 1999; P. Ford, personal communication, 1999] . This work uses the (gridded) recalculated altimetry points themselves, rather than the spherical harmonic model which was derived from them, as the former has a greater spatial resolution.
[8] Before modeling the lithospheric flexure, it is desirable to remove the long-wavelength component of the topography which is dynamically supported by active convection in the mantle. This removal is achieved by converting the raw topography to residual topography, h r , defined by
where h is the topography in kilometers and g is the gravity in mGal. This expression arises because convective plumes typically give rise to an admittance value of around 50 mGal km À1 at long wavelengths [McKenzie, 1994] . The exact value of Z which is used has only a small effect on T e , since the inclusion of a small longwavelength topographic signal of convective origin will affect only the amplitude of flexural signals and not their characteristic wavelength. It is the latter which controls the determined value of T e . Changing the value of Z by 10 mGal km À1 will typically alter the best fit value of T e for a particular feature by 1 -2 km.
[9] The gravity is calculated from the most recent spherical harmonic model, MGNP180U, which is tabulated to l = m = 180 , and is low-pass filtered to retain only the long wavelength component. The filter function drops off to half its maximum value at a wavelength of 1000 km.
[10] Where there is zero in-plane force, the flexure of an elastic plate is described by
where w is the vertical deflection of the plate, x is the horizontal distance perpendicular to the strike of the flexure, g is the acceleration due to gravity, Ár is the density contrast between the mantle and the fluid overlying the plate, and D is its flexural rigidity.
where T e is the thickness of the elastic plate, E is Young's modulus, and s is Poisson's ratio (see Table 1 ).
[11] Over the range x > 0 for which no load is present, the general solution of (2) is of the form
where the deflection is caused by a load which is applied to the plate at x 0 and a is the flexural parameter [12] In this study the observed deflection of the lithosphere is modeled using the expression
This expression represents the deflection of an elastic plate and also allows a bending moment to be applied to the end of the plate when a 2 6 ¼ 0. In addition, the expression also allows a regional slope to be superimposed on the theoretical profile, because although the long-wavelength component of the topography due to dynamic support has been removed, any topographic slopes due to crustal thickening will still be present.
[13] For each location where flexure is to be modeled, a line is defined which is parallel to the strike of the flexural feature. Profiles are then produced at intervals of 10 km along this line, and perpendicular to it, in the direction in which the amplitude of the flexure decreases. An average profile is then calculated, in which the topographic height at each distance along the profile is defined as the mean of the heights of the real profiles at the same distance.
Subsequently, the mean value of this average profile is set to zero. The mean value of each individual profile is then also set to zero, and the profiles are scaled linearly in the vertical direction such that their least squares misfit to the average profile is minimized. The standard deviation of the topographic values at each point along the average profile is then calculated. Such scaling changes the values of a 1 to a 4 which best fit the individual profiles, but not that of a (and hence T e ). The reason for averaging the profiles is to provide estimates of their standard deviation at each point, which is used to weight the misfit function. The effect of averaging T e over the various profiles for any single feature is likely to be unimportant, since the area covered by the profiles for a given feature is small (<1000 km), and there are not likely to be significant variations in lithospheric parameters over such localized regions.
[14] For any given elastic thickness, and values for the parameters a 1 , a 2 , a 3 and a 4 , a theoretical profile may be calculated as a function of distance x. The misfit H between this profile and the observed average profile may be calculated as follows The locations of the flexural profiles are shown by black lines, which follow the strike of the flexural features. These lines correspond to the ends of the profiles from which the average is calculated at each location. The tick marks show the direction in which the profiles are constructed. Also shown in each case is the best fit elastic thickness, in kilometers, for the average profile, together with the range of T e over which the misfit is less than twice that at its minimum (in brackets) (see section 2 and Table 2 ). The features for which the elastic thickness was estimated by producing radial profiles through the spherical harmonic gravity are shown by crosses. For each of these features, the best fit elastic thickness, in kilometers, together with the range of T e over which the misfit is less than twice that at its minimum (in brackets), is also shown (underlined) (see section 3 and Table 3 ). Shown for comparison are the best fit elastic thicknesses and their ranges within uncertainty (in brackets) obtained using line-of-sight accelerations for the boxes considered by Barnett et al. [2000] (italics). Note that the values for Ovda and Alpha (square brackets) are unreliable, because the topography is not well determined. The black areas are data gaps.
where w(x n ) is as calculated in (6). The summation is over the number of points, N, in the mean profile, h n is the topographic height of the nth point of the observed average profile, and s n is its standard deviation. The minimum misfit, and thus the best fit solution for the given value of the elastic thickness, occurs for some combination of values a i (i = 1À4), such that all the partial derivatives @H/@a i are zero. Thus it is necessary to solve a set of simultaneous equations, which is achieved using singular value decomposition. The minimum misfit is then calculated as a function of the elastic thickness T e . The minimum in this function will occur at the value of T e which is the best fit to the data for the location of the particular profile in question.
[15] For any given profile, the bending moment M(x) at a distance x along the profile is given by
from which the surface stress s xx may be calculated using
where a positive value indicates that the surface is in tension. The resulting shear stress is s xx /2.
Results
[16] The results for the 34 flexural features studied from the residual topography using a Cartesian model are shown in Figures  1 and 2 and Figure A1 and in Table 2 . The misfit function is generally fairly flat over a large range of elastic thicknesses, because of the large number of parameters which can vary to achieve a best fit to the data, and increases at small values of T e (typically in the region of 10 km). The elastic thickness is better constrained if a peripheral bulge is apparent in the topography (e.g., profiles T7, T9, T15, T23, T31, and T34).
[17] The method used in this work is such that the modeled profiles go flat (or have a linear slope) at their unflexed ends. The profile lengths were chosen such that any changes in slope at large distances from the feature being modeled, and which were deemed not to be flexural in origin, were not included in the modeling. In most cases, increasing the profile length does not have a large effect on T e . If, however, profile T33 is lengthened, for example, the entire sloping section between distances of about 80 and 350 km from the start of the profile is interpreted as a flexural bulge, and thus the best fit value of T e will be much higher.
[18] In this part of the work, a range of best fit elastic thicknesses was found, varying approximately 10 and 40 km or greater, with most in the range 10 -20 km (see Figure 1 ). In general, the trends are consistent with those found by Johnson and Sandwell [1994] and Sandwell and Schubert [1992] , although the values found in this work tend to be slightly smaller (typically by around 3 -6 km) (see Table 2 ). Note that for a given value of a, the value obtained for T e will depend on those assumed for E and s. Johnson and Sandwell [1994] and Sandwell and Schubert [1992] use a value of 0.65 Â 10 11 Pa for E. This fact alone will yield elastic thicknesses which are around 15% higher than those obtained using our choice of parameter values, for a particular value of a. The values of T e found in this work are also slightly smaller than estimates obtained using LOS accelerations in the frequency domain [Barnett et T3   T4  T5  T6   T7  T8   T9   T10   T11   T12   T13   T14   T15   T16   T17   T18   T19  T20   T21   T22   T23   T24  T25   T26   T27   T28   T29   T30   T31   T32   T33   T34   G4   G5   G2   G3   G6 Figure 1 , and the features modeled using the spherical harmonic gravity and the raw topography (section 3) are shown by crosses. The black areas are data gaps.
tend to be in the range 20 -30 km. This is in agreement with conclusions reached by McKenzie and Nimmo [1997] .
[19] Overall, however, there is no convincing evidence for any regional variations in T e . The average elastic thickness over the whole region studied, weighting the values according to the inverse of the squares of their ranges of uncertainty, is $25 km, which falls within the bounds of uncertainty of T e for almost all the locations studied. In fact, the plots in Figure A1 show also the best fit theoretical profile in each case, assuming the elastic thickness is 25 km. As the misfit functions suggest, the fits to the observed profiles are degraded only slightly when compared to those for the best fit elastic thicknesses; the profiles for which T e is constrained to be 25 km provide fits to within the standard deviation of the average observed profiles in almost all cases. There is, however, a suggestion, based on the geographical distribution best fit values of T e (Figure 1 ), that the region around Beta Regio and the rifts on the south side of Artemis, Diana, and Dali Chasmata may exhibit higher elastic thicknesses than elsewhere.
[20] An estimate of the maximum stress s s along each profile is given by the first extremum of s s (x) for x > 0, rather than by the extreme value at x = 0, which results from the assumptions of the fitting process. Equation (6) assumes that all topography associated with the load is confined to the region x 0 and that where x > 0, the surface would be horizontal in the absence of the load. However, there is no obvious way of choosing the origin of the profile being fitted so that it is on the edge of the load. We fitted profiles which resembled those expected from flexure and chose the origin to be beyond what we thought was the load. If, however, any of the topography where x > 0 is not due to flexure, artificially large stresses result when it is fitted by the plate-bending model. Such errors have little effect on the misfit H because only a small fraction of the length of the profile is affected. Thus the maximum shear stresses which are imposed on the plate are of the order of a few hundreds of MPa. This is greater than the 80 MPa or so which faults on Venus are believed to be able to withstand [Foster and Nimmo, 1996] , which is consistent with the surface faulting visible in the synthetic aperture radar (SAR) images at many of the locations studied.
Flexure Measured From Gravity Using Raw Topography
Introduction and Method
[21] The most recent spherical harmonic gravity model of Venus extends to l = m = 180 . Barnett et al. [2000] showed that the spherical harmonic coefficients corresponding to wavelengths less than $500 km (where k = 2p/l = (l + (1/2))/a) are systematically too small, because the signal-to-noise ratio at short wavelengths is too low to allow the spherical harmonic gravity field to be accurately calculated. An a priori constraint is imposed on the coefficients such that they are constrained toward zero (with an uncertainty given by Kaula's rule [Kaula, 1966] ) for all degrees where the noise in the data exceeds the signal . The effect of this constraint may be shown by calculating 17°N, 177°E 23 (11 -60) a Shown in brackets is the range of T e over whcih the misfit function is less than twice that at its minimum, as a guide to the uncertainty. Where no upper limit is given, this indicates that this upper limit is > 100 km. Where the best fit value of T e is > 100 km, the lower limit is calculated as the elastic thickness at which the misfit is twice that at a T e of 100 km.
b Sandwell and Schubert [1992] . c Johnson and Sandwell [1994] .
the admittance as a function of wave number Z(k) from the gridded spherical harmonic gravity and the raw topography, as shown for the box containing Beta in Figure 3 . (The location of this box is shown in Figure 2 .) At long wavelengths the admittance calculated using the spherical harmonic gravity is $50 mGal km À1 , in agreement with the value calculated using the line-of-sight accelerations and corresponding to dynamic support of the topography [Barnett et al., 2000] . At wavelengths shorter than $500 km, the admittance calculated using the spherical harmonics drops off to zero. Conversely, the admittance calculated from the LOS accelerations for the same box increases at short wavelengths and allows the elastic thickness to be constrained [Barnett et al., 2000] , because the signal processing is able to extract information even when the signal-to-noise ratio is low. However, even with the spherical harmonic gravity, the admittance drops off only gently, and the coherence remains high down to wavelengths as short as 250 km. The high coherence suggests that although the amplitude of the gravity signals is inaccurate, their shape is correct, and thus the gravity may be used for flexural modeling, if the effect of the a priori constraint is taken into account.
[22] We assumed that the admittance values, and hence the elastic thickness, calculated from the LOS accelerations [Barnett et al., 2000] are correct, and thus the theoretical admittance curve for this value of T e gives the expected value for the admittance for each wave number. The drop-off of the observed values of the spherical harmonic admittance at short wavelengths is modeled using a smooth (Gaussian) function, Z(k) sphharm , where
In the case of the ''Beta'' box, A = 73 mGal km
, and s f = 0.7 Â 10 À5 m À1 . It is then possible to construct a filter function f (k), the value of which at any wave number k is given by
where Z(k) LOS is the value of the admittance curve which is a best fit to the LOS admittance data. The function f (k) therefore represents the factor by which the gravity coefficients have been reduced by the effect of the a priori constraint imposed on them (see Figure 4) . Therefore a theoretical gravity model can be convolved with this filter function and the misfit between the Figure 2 ), using raw topography as the input and the spherical harmonic gravity (to l = m = 180) as the output. Also shown is the theoretical admittance curve for the best fit elastic thickness, calculated using the admittance between calculated and observed gridded LOS accelerations for each box [Barnett et al., 2000] .
theoretical model and the observed spherical harmonic gravity can then be calculated.
[23] In equatorial regions the spherical harmonic gravity model contains information derived mostly from Magellan mapping cycle 4, during which the spacecraft altitude was lower than at any other point in the mission. During this cycle the spacecraft orbit was approximately polar, with a periapse at $10°N, and the spacecraft altitude was roughly constant at constant latitudes. Therefore the filter derived from the box containing Beta will be likely to be applicable to the spherical harmonic gravity for any location within a similar latitude band.
[24] Several Venusian volcanoes have features resembling flexural moats surrounding them, which are visible in the spherical harmonic gravity model (see Figure 5 ). It is these features which were modeled for this part of the study. Note that there are also artefacts visible in the gravity, which appear as straight lines when projected on a polar plot. These result from noise on the corresponding orbit tracks and mostly affect the higher-order terms between approximately l = 150 and l = 180 (A. S. Konopliv, personal communication, 2000) . These artefacts are of similar amplitude to the features we wish to model. We reduced this and other sources of noise by producing a series of radial profiles, centered on the feature under consideration, constructed through a range of azimuths over which the flexural moat is clearly defined and the gravity field beyond is relatively flat. Adjacent profiles differed in azimuth by 10°. An average profile and the standard deviation of the gravity at each point were then calculated in the same way as was done for the residual topographic profiles (section 2). Note that the grids from which these profiles were produced used an Airy projection [Snyder, 1989] , rather than the equidistant cylindrical projection used for Figure 5 , with a pole roughly in the center of the plot in each case, to minimize length and angular distortion.
[25] An average topographic profile was then produced, from a series of radial profiles of the gridded raw topography, over the same range of azimuths as for the gravity. Since the problem is cylindrically symmetric, the topography h(r) can be expressed as a Bessel function series:
where k m is the value of the mth root of the Bessel function J 0 and r max is the length of the radial profiles. The gravity as a function of radius was then calculated for a range of elastic thicknesses T e by convolving the topography with the product of the admittance function Z(k m ) and the filter function f (k m ) (equation (11)). Z(k m ) is given by
where G is the gravitational constant, r m , r c , and r w are the densities of the upper mantle, the crust, and the overlying fluid, respectively, and t c is the thickness of the crust, as given in Table 1 . This expression is the same as that for the Cartesian problem, apart from the replacement of the wave number, (k x 2 + k y 2 ) 1/2 , with k m . The choice of value for t c is discussed in section 3.2.
[26] Note that (13) assumes a ''top-loading'' model for the elastic plate (a value of f, the ratio of subsurface loading to surface loading, equal to 0). The justification for this assumption is that the density contrast associated with surface loads (i.e., between rock and air) is likely to be far greater than the density contrast produced by subsurface loading (e.g., Moho topography), so the effects of surface loading are likely to be dominant [see McKenzie and Fairhead, 1997] . This assumption is likely to be correct on Venus, where the crust is volcanic throughout and features such as sedimentary basins are absent, such that there are likely to be few lateral density contrasts within the crust.
[27] For each value of T e , a constant offset Ág of the calculated gravity profile with respect to the observed profile was varied to minimize the misfit H between these profiles.
where the summation is over the number of points, N, in the profiles, g c n and g o n are the values of the gravity at the nth points of the calculated and observed profiles, respectively (at radial distance r n from the center of the feature), and s n is the standard deviation of the gravity at the nth point of the observed average profile. Note that the misfit is weighted by the radial distance r n since the misfit is effectively being calculated over an annulus of circumference 2pr n . The misfit is therefore not dimensionless, but has units km À1/2 . The misfit is calculated for r r o , where r o is the radius of the edge of the flexural moat observed in the gravity profiles.
Results
[28] The elastic thicknesses calculated from the gravity and topography profiles are generally better constrained than the values calculated by modeling the residual topography alone (section 2). The best fit values range from around 20 to 60 km (see Figures 1  and A2 and Table 3 ). However, the plots of H(T e ) show that the estimates of T e are not sufficiently well-constrained to show any convincing regional variations. As for the residual topographic profiles (section 2), all profiles are well fit by an elastic thickness of 25 km.
[29] If all the synthetic gravity profiles are calculated similarly, the fits to profiles G6 and G7 are much poorer than to the other five profiles, and the minimum misfits are higher. The reason for this is probably that features G6 and G7 are farther south than the others, and thus the gravity filter, which was produced by considering the results for the Beta box, is not applicable at these higher latitudes. The synthetic profiles G6 and G7 were therefore recalculated using a gravity filter calculated from the ''South of Ovda'' box (see Figure 1 ) (between latitudes of 70°S and 20°S) (see Figure 6 ), which greatly improves the fits (see Figure A2b ). For this filter the terms in (10) are A = 60 mGal km
, and s f = 0.9 Â 10 À5 m
À1
. Figure 3 shows the admittance calculated from the spherical harmonic gravity and the raw topography for this box and shows that Z(k) decreases monotonically with increasing k. In addition, the coherence drops off at longer wavelengths than for Beta. However, the observed coherence between wavelengths of 300 and 500 km is still of order 0.1, and the theoretical gravity profiles calculated using the filter in Figure 6 show central maxima, which can only be explained by elastic support of the observed topography. The resolution in the gravity field, even at these higher latitudes, is therefore good enough to allow T e to be estimated, though less accurately than at lower latitudes.
[30] The assumed value for t c (see equation (13) and Table 1 ) in this work was 16 km, which is somewhat smaller than the crustal thickness estimates of 25 -30 km given by some previous authors [e.g., Grimm and Hess, 1997; Kiefer and Potter, 2000] . There is some trade-off between the assumed value of t c and the best fit T e . However, increasing t c from 16 to 30 km does not change the best fit elastic thickness by more than 5 km for any of the features studied. In any case, t c represents the effective depth of compen- Figure 5 . Venus gravity in mGal, calculated from the spherical harmonic model to l = m = 180 (top plots) and raw topography (bottom plots), for the locations of the seven features (center of each box) from which radial profiles were calculated and the elastic thickness was estimated. See color version of this figure at back of this issue. sation, which is likely to be smaller than the crustal thickness, since the Venusian crustal density is likely to increase with depth (rather than be uniform throughout), as is the case in volcanically generated crust on Earth.
Discussion and Conclusions
[31] Where flexure of residual topography alone is modeled (section 2), the constraint on T e is relatively poor, often giving only a lower limit below which the fits to the observed data are less good. Thus, although a range of elastic thickness estimates between approximately 10 and 40 km was found, an elastic thickness of 25 km allows all profiles to be fit within uncertainty. Both the stacked profiles used in this work and profiles which are c a Range of azimuths over which the individual radial profiles were constructed. b Shown in brackets is the range of T e over which the misfit function is less than twice that at its minimum, as a guide to the uncertainty. Where no upper limit is given, this indicates that this upper limit is >100 km. The values shown in the right-hand subcolumn are those calculated using the gravity filter derived from admittance analysis of the ''South of Ovda'' box (see Figures 3 and 6 ). This filter is likely to be more appropriate for profiles G6 and G7.
c Kiefer and Potter [2000] .
Wavelength ( Figure 7 . Plot of the elastic thickness estimates obtained by flexural modeling of residual topography (crosses) (section 2) and modeling of gravity using the observed topography (circles) (section 3) against dimensionless crater density at the same locations, obtained using a Gaussian window of standard deviation 1000 km. Note that for the two boxed data points, error bars corresponding to the range of T e over which the misfit is less than twice that at its minimum are shown, as representative examples. [e.g., McKenzie and Fairhead, 1997; Johnson and Sandwell, 1994] exhibit the problem that they provide good lower, but not upper, bounds on T e .
[32] Where the observed gravity is compared with synthetic profiles calculated using the observed topography (section 3), the obtained values of T e are generally better constrained. The gravity filter calculated using the results of an admittance study of the Beta box is generally applicable only to features within a latitude band similar to Beta. The reason for this is that most of the information in the spherical harmonic gravity field at these latitudes is derived from cycle 4, in which the altitude is approximately constant at constant latitude. If this filter is used for features at higher latitudes, the fit to the observed gravity is much poorer, and better results are achieved if a filter is produced from the results of an admittance study for a box at similarly high latitudes. However, owing to the lower resolution of the gravity field at these latitudes, the elastic thickness estimates obtained are likely to be less reliable.
[33] As with the residual topographic profiles, an elastic thickness of 25 km falls within the bounds of uncertainty, according to the misfit function, for almost all the locations at which the gravity was modeled. In the case of profiles G4 and G6, it appears that a higher T e is necessary to produce the observed magnitude of the central gravity anomaly, given the observed topography ( Figures  A2a and A2b) . However, the feature from which profile G6 was produced is at high latitude, and thus the T e estimate will be poor. The topographic profile G4 is rather rough, probably mainly because the feature itself is not very axisymmetric (see Figure 5) , so the estimated value of T e in this case is also not well constrained.
[34] Considering only the best constrained estimates, produced using the gravity and topography profiles and assuming a toploading model (section 3), the average elastic thickness is 29 ± 6 km, when the estimates are weighted according to the inverse of the squares of their uncertainties. In general, the estimates produced by modeling the residual topography using an end-loading model (section 2) tend to be smaller (giving a mean value of 22 ± 4 km), although the difference is unlikely to be significant owing to the flatness of the minima in the misfit functions. These values are also in close agreement with the average value of the T e estimates carried out in the frequency domain (24 ± 1 km) by Barnett et al. [2000] , who also assume top loading. There is also some tendency for T e estimates to be slightly greater when the data quality is good, particularly when modeling is carried out in the frequency domain [see, e.g., McKenzie and Nimmo, 1997; Barnett et al., 2000] . However, these numbers show no evidence that the values of Figure A2 . (a) Results for the five profiles (G1 -G5) calculated from the spherical harmonic gravity, using the observed raw topography and the filter calculated using the results of an admittance study of the ''Beta'' box (see Figures 2 -4) . The top plots show the average topographic profiles as a function of radial distance. The center plots show the minimum misfit between the calculated and observed gravity profiles as a function of elastic thickness. The mimima in these curves give the best fit elastic thickness for each location, which is used to calculate the best fit gravity profile, shown in the bottom plot as a solid line. Also shown in each case is the observed gravity profile (dashed line) plus and minus the standard deviation at each point (thin dashed lines) as a function of radial distance. The value of r o , the maximum radius out to which the misfit is calculated, is shown by a vertical line. In addition, the best fit calculated profile, assuming an elastic thickness of 25 km, in shown in each case by a dotted line. (b) The results for profiles G6 and G7 calculated from the spherical harmonic gravity, using the observed raw topography but using the filter calculated using the results of an admittance study of the ''South of Ovda'' box (see Figures 2, 3 , and 6), shown as in Figure A2a ).
BARNETT ET AL.: FLEXURE OF VENUSIAN LITHOSPHERE
T e obtained using a top-loading model are smaller than those obtained assuming end loading, and overall, there is no convincing evidence that the elastic thickness of the lithosphere of Venus is anywhere outside the range of 29 ± 6 km quoted above.
[35] As discussed by Barnett et al. [2000] , an elastic thickness for Venus which is similar to that observed in shields and old ocean basins on Earth is surprising, given that the surface temperature on Venus is so much higher (450°C). This temperature is roughly equal to that which is suspected to mark the base of the elastic layer on Earth [Watts, 1994] . In other words, the lithosphere of Venus must be able to support elastic stresses at higher temperatures than on Earth, which is consistent with the hypothesis that the Venusian lithosphere is dry [Nimmo and McKenzie, 1998 ].
[36] The T e estimates obtained in this work show no clear regional variations but are noisy owing to the poor constraint on this parameter. If small-scale variations in T e exist between different areas, within the observed range of 29 ± 6 km, these variations might become apparent if T e is plotted against some other parameter to which it is related. One obvious possibility is age, the only currently available measure of which is crater densities. Schaber et al. [1998] produced a global database of the locations of the 967 impact craters identified on Venus (available at http://wwwflag. wr.usgs.gov/USGSFlag/Space/venus). From this a global map of crater density was produced by counting the craters in the vicinity of an equally spaced array of points over the surface. The crater counts were windowed by a Gaussian function, of standard deviation 1000 km, such that the craters nearest to the point in question are most heavily weighted in the counting process. Although the resulting map shows some variations in crater density between different regions, the global distribution of craters is indistinguishable from a random one [see, e.g., Turcotte et al., 1999] , suggesting that the surface age is globally fairly uniform [see, e.g., Basilevsky et al., 1997] . Figure 7 is a plot of the elastic thickness estimates obtained in sections 2 and 3 against the dimensionless crater counts for the same locations. This plot shows no clear correlation between T e and age.
[37] This situation is in contrast to the Earth, where regional variations in T e are clearly resolved. Low values of elastic thickness are observed at spreading ridges, owing to the elevated thermal gradient, and in active mountain belts, which are probably weak because of the presence of water in the crust. Conversely, high values of elastic thickness on Earth are associated with continental shields and old oceanic lithosphere, where T e reaches approximately 35 -40 km. On continents, lithospheric strength is most likely maintained by stresses in the crust, not the mantle [Maggi et al., 2000] , and beneath oceans by stresses in the mantle. A data set of the quality of that now available for Venus would reveal this variation in T e . The absence of resolvable variations in elastic thickness on Venus is therefore significant. On Venus the absence of features which are similar to terrestrial spreading ridges is clear from crater counts. In addition, the lithosphere is suspected to be dry. Therefore neither of the factors which are thought to be responsible for regional variations in T e on the Earth is present on Venus. It is also true, however, that there are no good estimates of T e from tessera regions, because the topography is so poorly determined. The origin of this problem is that the radar signal is scattered by the rough topography such that it is difficult to pick the first return [see McKenzie and Nimmo, 1997, Figure 17 ; Barnett et al., 2000] . This scattering can lead to large errors in the planetary radius [McKenzie and Nimmo, 1997] . On Venus we have as yet no method of dating the lithosphere; crater counts only allow dating of the surface layer, which may be relatively recently emplaced. There is therefore no way of knowing whether the deeper part of the lithosphere is much older than the surface layer. However, T e estimates themselves as yet provide no evidence for the existence of variations in lithospheric properties on Venus. Figure 5 . Venus gravity in mGal, calculated from the spherical harmonic model to l = m = 180 (top plots) and raw topography (bottom plots), for the locations of the seven features (center of each box) from which radial profiles were calculated and the elastic thickness was estimated.
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